Summary. Src is believed to play an important role in cancer, and several agents targeting Src are in clinical development.
INTRODUCTION
Src was the first proto-oncogene identified from the human genome and encodes a non-receptor tyrosine kinase (RTK). The origins of the discovery of Src began in the early 1900s when Francis Peyton Rous proposed that viruses could cause cancer [1] . He injected centrifuged chicken sarcoma material into chicks that later developed sarcomas themselves. This cancer-causing substance was later found to contain a retrovirus, later named the Rous sarcoma virus [2] . The gene implicated, viral-Src (v-Src), was identified in 1970 [3] . Bishop and Varmus won the Nobel Prize in 1989 for their work showing that the virus actually acquired the cancer-causing gene from a normal cellular gene, cellular-Src (or c-Src, hereafter referred to as Src) [4 -6] . In normal tissues, Src's regulatory functions are multiple and include participation in fibroblast cell division and cell-cell adhesion regulation via modulation of integrins. Consequently, its overexpression is believed to play an important role in cancer progression, and several agents targeting Src are in clinical development. In this manuscript we review Src-targeting agents, focusing on new data in solid tumor malignancies.
The Src protein is one of the Src family kinases (SFKs), reviewed in detail by both Yeatman [7] and Thomas and Brugge [8] . There have been 12 SFKs identified: c-Src, Fyn, Yes, Yrk, Lyn, Hck, Fgr, Blk, Lck, Brk, Srm, and Frk (with Frk/Rak and Iyk/Bsk subfamilies), 11 of which are found in humans [8 -12] . Src, Fyn, and Yes are expressed ubiquitously, with Src being expressed at five to 200 times higher levels in platelets, neurons, and osteoclasts [13] . The Src protein consists of a 12-carbon myristoyl group attached to the N-terminal domain, followed by a unique domain, SH3 and SH2 domains, an SH2-kinase linker domain, a protein kinase catalytic domain (or SH1 domain), and a negative regulatory C-terminal tail domain [7] . The SH3 domain is noncatalytic and thought to mediate protein-protein interactions responsible for localization and recruitment of substrates [8] . SH2 interacts with proteins such as focal adhesion kinase (FAK) and CRK associated substrate (CAS). The unique domain shows the greatest amount of sequence divergence among family members whereas the SH1 catalytic domain is well conserved.
Src is a non-RTK, and its activity mainly occurs at the inner leaflet of the cell because membrane localization is required for receptor-mediated signaling to occur. Src is thought to facilitate motility and invasion of tumor cells by promoting endocytosis of cell-cell adhesions [14] , mediating assembly and disassembly of focal adhesions [15] , and regulating expression of matrix metalloproteinases (MMPs) that contribute to breakdown of the extracellular matrix [16, 17] . Src is also thought to activate signal transducer and activator of transcription (STAT)-3, an important protein that mediates angiogenesis through vascular endothelial growth factor (VEGF) activation [18] .
Src interacts with several important RTKs, including epidermal growth factor receptor (EGFR), platelet-derived growth factor receptor (PDGFR), fibroblast growth factor receptor, hepatocyte growth factor receptor, colony stimulating factor-1 receptor (CSF-1R), insulin-like growth factor-1 receptor (IGF-1R), human epidermal growth factor receptor 2/Neu, and stem cell factor receptor (c-Kit) [19 -26] . The relationship of Src and the transmembrane RTKs is a complex, bidirectional process [27] . When the RTKs are activated, several intracellular proteins are necessary for signal propagation to the nucleus, and Src is one of these important protein mediators [8] . Src also acts to modulate the function of the RTKs [8] . EGFR and Src, for instance, appear to have a synergistic effect whereby higher levels of the combination of the two proteins demonstrate greater tumorigenesis than with either alone [28 -31] .
INVOLVEMENT OF SFKS IN CANCERS
SFKs have been shown to be involved in numerous human cancers (reviewed in detail by Summy and Gallick [32] ). Colon cancer is the most extensively studied cancer related to Src, but others identified include breast cancer, lung cancer, pancreatic cancer, gastric cancer, ovarian cancer, bladder cancer, head and neck cancer, esophageal cancer, brain cancer, melanoma, Kaposi's sarcoma, and lymphoproliferative disorders (myelomas, leukemias, lymphomas) [32, 33] .
In colon cancer, an early study by Bolen et al. [34] showed elevated Src activity in colonic carcinoma cell lines and tumors. Higher levels of kinase activity were noted in primary colonic tumors than in precancerous polyps, and a similar result was found for hepatic metastases versus primary tumors [35] . However, despite these findings, some evidence shows that Src kinase activity is actually higher in the earlier stages of cancer progression. The discrepancy of these data could be explained by the observation that Src contributes to the metastatic phenotype but is not required at all stages of cancer progression [32] . Despite this discrepancy, Src appears to be an independent prognostic indicator at all stages of colon carcinoma [36] . For upper gastrointestinal tumors, Src kinase activity was higher in eight of 10 gastric carcinomas than in normal mucosa [37] , and three-to six-fold higher in Barrett's esophagus and esophageal adenocarcinomas than in controls [38, 39] . Several other cancers also show involvement by either Src or other SFK members. Src expression was found in 20 of 33 tumor samples of small cell lung cancer and non-small cell lung cancer (NSCLC), in 60%-80% of adenocarcinomas and bronchioalveolar carcinomas and 50% of squamous cell carcinomas. Poorly differentiated lung cancers had higher Src expression levels than moderately to well-differentiated ones [40] .
Several studies have demonstrated involvement of SFKs in the development of breast cancer as well. Elevated levels of Src have been noted in breast carcinoma cell lines [41, 42] . Src also plays a role in ErbB-2-mediated breast cancer, for which two mechanisms have been proposed. One mechanism involves ErbB-2 upregulation of Src translation by activating the Akt/mammalian target of rapamycin/eukaryotic translation initiation factor 4E-binding protein 1 pathway. The second describes stabilization of Src through inhibition of calpain protease-mediated Src degradation, leading to upregulated Src protein levels. Interestingly, Src inhibition was associated with dramatically lower ErbB-2-mediated breast cancer cell invasion in vitro and in animal models [43] .
Src protein levels were also found to be elevated in both pancreatic tumors and cell lines [44] . Src inhibitors inhibit the growth of human pancreas tumor explants in preclinical models [45, 46] . Activated Src also increases levels of IGF-1R with a subsequent increase in IGF-dependent cell proliferation [47] .
SRC INHIBITORS
With the wealth of literature supporting the role of Src in tumor progression, invasion, and metastasis, efforts have been under way in developing inhibitors of this non-RTK. 
Dasatinib
Dasatinib (BMS-354825; Bristol-Myers Squibb, New York) is an orally bioavailable, ATP-site competitive 2-(aminopyrimididinyl)thiazole-5-carboxamide that is the only FDA-approved Src-Abl inhibitor for use in patients with chronic myelogenous leukemia (CML) or Philadelphia chromosome positive (Phϩ) acute lymphoblastic leukemia (ALL) failing first-line therapy with imatinib. Recently, in a study of 512 patients with newly diagnosed chronic-phase CML, Kantarjian et al. [48] demonstrated that, compared with imatinib as first-line treatment, dasatinib achieved higher rates of complete cytogenetic response, response in a shorter time, and lower rates of progression to accelerated or blastic phase. It is the most well-studied Src-Abl inhibitor, displaying a 325-fold greater potency for Bcr-Abl inhibition than imatinib. It is fairly unselective, inhibiting an array of additional downstream tyrosine kinases including c-Kit, c-FMS, ephrin type-A receptor 2 (EphA2), and PDGFR. The contribution of other kinase inhibitory activity to clinical efficacy remains a significant unknown (Table 1) .
Preclinical data demonstrated the activity of dasatinib against several solid tumors. Src pathway inhibition has been shown in prostate cancer, head and neck cancer, NSCLC, colon cancer, and sarcoma cell lines [49 -52] . Dasatinib was shown to induce apoptosis and cell cycle arrest in mesothelioma and EGFR-mutant lung cancer cell lines, corresponding with decreases in STAT-3 and Akt [53, 54] .
Other studies reported sensitivity to dasatinib in difficult-totreat breast cancer cell lines displaying the triple-negative or basal subtypes [55, 56] , a small tumor size and fewer metastases in pancreatic xenografts [57] , and lower rates of proliferation, migration, and invasion in melanoma cell lines [58] .
Safety data from phase I studies with dasatinib as monotherapy in advanced solid tumors demonstrated a maximum-tolerated dose (MTD) of 120 mg twice daily for five treatment days followed by two nontreatment days or 70 mg twice daily continuously. Major toxicities included nausea, fatigue, and rash, but the overall clinical experience indicated that dasatinib is generally well tolerated. Variable bone marrow suppression was noted, although much less so than in hematologic malignancies [59] . In combination phase I studies, dasatinib was investigated with erlotinib (an EGFR inhibitor) for NSCLC [60] and 5-fluorouracil, leucovorin, and oxaliplatin (FOLFOX) plus cetuximab [61] for metastatic colon cancer, and toxicities similar to those above were shown, with headache and other gastrointestinal symptoms as additional commonly reported adverse events (AEs) ( Table 1) .
Though the largest body of clinical data with dasatinib is also in hematologic malignancies, promising preclinical data on solid tumor malignancies prompted many phase I and phase II solid tumor clinical studies. Ongoing trials with dasatinib as both monotherapy and in combination with other therapies are summarized in Table 2 and Table 3 . With preclinical data supporting the role of Src inhibition in osteoclast suppression, it is no surprise that cancers with a predilection for bony metastases, such as prostate and breast cancer, are rational and appealing targets. A phase II study of dasatinib in chemotherapy-naïve men with castration-resistant prostate cancer demonstrated 43% and 19% stable disease (SD) rates at 12 weeks and 24 weeks of treatment, respectively. Additionally, a reduction in N-telopeptide in the urine, an accepted marker of bone resorption predictive of adverse skeletal events, was also noted in 80% of the study patients with known bony metastases [62] . A phase I/II trial of dasatinib combined with docetaxel showed no significant drug-drug interactions and manageable toxicities, and 21 of 21 patients demonstrated a partial response (PR) or SD at Ͼ6 -21 weeks of follow-up [63] . These data led to the initiation of a phase III doubleblinded, randomized interventional trial in this patient population comparing dasatinib plus docetaxel with placebo plus docetaxel, with a primary endpoint measure of overall survival. That study is currently recruiting. In a phase II study of dasatinib in hormone receptor (HR) ϩ advanced breast cancer, 19% of patients had controlled disease at Ն16 weeks, although significant AEs led to a dose reduction from 100 mg twice daily to 70 mg twice daily [64] .
There have also been combination therapy trials that have shown promising results in both melanoma and colorectal cancer patients. A phase II trial of dasatinib in combination with dacarbazine in 49 patients with metastatic melanoma yielded an overall 59.2% clinical benefit rate, defined as complete response (CR) ϩ PR ϩ SD by the Response Evaluation Criteria in Solid Tumors, with four PRs and 25 patients with prolonged SD [65] . Src and phosphorylated (p)-Src levels in treated patient tumor blocks have not yet been reported, nor have biomarker analyses with B-RAF and c-Kit mutational status. Additional promising clinical data were observed in colorectal cancer patients who were refractory to initial FOLFOX therapy. In a phase I study of 30 patients treated with dasatinib in combination with cetuximab and FOLFOX, 24% of patients achieved a PR, including a 17% PR rate in patients previously reported to be refractory to dual therapy with FOLFOX and cetuximab [61] . These data prompted recruitment for a phase II, twostage study that is currently under way (Tables 2 and 3 ).
Dasatinib as monotherapy has been less successful in early clinical trials, showing no significant clinical benefit in patients with high-grade glioma, mesothelioma, and sarcoma, despite encouraging preclinical data in these cancers. There was some benefit observed in a phase II trial studying dasatinib as first-line monotherapy for NSCLC patients, yielding a 43% disease control rate; however, this efficacy rate was lower than that of standard first-line chemotherapy. Biomarker analysis with EGFR and K-RAS mutation status was studied in these patients but did not predict response [66] . In addition to these early clinical data, phase II trials studying dasatinib as monotherapy are currently in progress for patients with advanced NSCLC, triple-negative breast cancer, head and neck squamous cell carcinoma (HNSCC), prostate cancer, and pancreatic cancer. Many phase I and phase II trials studying dasatinib in combination with other agents are also in progress for other cancers, including breast cancer, colorectal cancer, and glioblastoma (Tables 2 and 3 ). [67] . In tamoxifen-resistant breast cancer cell lines, the combination of saracatinib and gefitinib, an EGFR inhibitor added because of the higher levels of EGFR in tamoxifen-resistant cells, showed greater cell adhesion and less invasiveness [67] . Studies of prostate cancer cell lines demonstrated similarly lower levels of many of the above proteins [68] . Another study showed lower levels of interleukin 8, urokinase plasminogen activator, and MMP-9, which might retard osteolytic bone metastases. In lung cancer cell models, saracatinib inhibited downstream signaling through FAK and Akt, and demonstrated radiosensitization [69] . Results similar to those from the above studies were reported in colon cancer, head and neck cancer, and lymphoma cell lines [70 -72] . Data showing the efficacy of saracatinib in reducing metastatic disease were seen in a murine metastatic model of bladder cancer in which there was a significantly lower number of tumor colonies that could be grown from mesenteric lymph node extracts in treated than in untreated mice [73] . Several phase I clinical trials of saracatinib have been conducted and an MTD of 175 mg daily has been established for advanced solid tumor malignancies. Dose-limiting toxicities included cytopenias, asthenia, and respiratory failure [74] . Other reported mild AEs included nausea, anorexia, myalgias, cough, neutropenia, and thrombocytopenia (Table 1) .
Saracatinib has had limited efficacy in phase II clinical trials in many human solid tumor malignancies. Singleagent studies in pancreatic cancer, HNSCC, HR Ϫ breast carcinoma, melanoma, prostate cancer, and gastric cancer patients have all been negative [75] [76] [77] [78] [79] [80] [81] . Phase II monotherapy studies currently in progress or recruiting patients include those for small cell lung cancer, metastatic colorectal cancer, sarcoma, and metastatic prostate or breast cancer with evidence of bony disease involvement. A large phase II study examining additional benefit for ovarian cancer patients treated with carboplatin and paclitaxel recently completed and was also negative [82] . Despite the lack of success in clinical trials to date, it is important to note that all clinical trials studying the efficacy of Src inhibitors have been conducted in unselected patients. Many trials with Src inhibitors, including saracatinib, are investigating possible biomarkers of response that may provide a selected population of patients who are more likely to benefit from treatment (Table 4) .
Bosutinib
Bosutinib (SKI-606; Wyeth/Pfizer, New York, NY) is a 4-anilino-3-quinolinecarbonitrile and a potent, orally administered, small-molecule inhibitor of both Src and Abl tyrosine kinases. It displays 200-fold more potent inhibition of Bcr-Abl than imatinib. In breast cancer cell lines, bosutinib was shown to reduce cell proliferation, invasion, and migration by inhibiting mitogen-activated protein kinase and Akt phosphorylation [83] . In colorectal cancer, bosutinib also promoted cytosolic localization of ␤-catenin, leading to greater binding affinity to E-cadherin, resulting in greater adhesion of colorectal cancer cells and less mo- Advanced/metastatic disease; may be previously treated unless otherwise noted. Abbreviations: CRC, colorectal cancer; CSF-1, colony stimulating factor 1; DCR, disease control rate; EphA, ephrin type-A receptor; ERK, extracellular signal-related kinase; GIST, gastrointestinal stromal tumor; HCC, hepatocellular carcinoma; HNSCC, head and neck squamous cell carcinoma; HR, hormone receptor; NA, not available; NSCLC, non-small cell lung cancer; PDGFR, platelet-derived growth factor receptor; PR, partial response; pSD, prolonged stable disease; SCLC, small cell lung cancer; SD: stable disease, SFK, Src family kinase; STAT-3, signal transducer and activator of transcription 3; uNTX, urine N-telopeptide; VEGF, vascular endothelial growth factor. From http://www.ClinicalTrials.gov, accessed September 2010. tility [84] . Similarly, bosutinib demonstrated slower growth in HT29 xenograft models [85] . A phase I study of 51 patients with advanced solid tumors showed that bosutinib was generally well tolerated, with predominantly gastrointestinal AEs in 19%-69% of patients in three reports. The MTD was determined to be 400 mg daily. Study of a restricted cohort of pancreatic cancer, NSCLC, and colorectal cancer patients is ongoing [86] . Phase I/II studies in CML and Ph ϩ ALL patients who failed imatinib showed similar AEs as well as some mild dermatologic symptoms and variable hematologic toxicity [87, 88] (Table 1) . Although the body of clinical data supporting bosutinib has also been primarily applied to hematological malignancies, there are phase II trials in progress to study its efficacy in solid malignancies as well. Two phase II trials are examining HR ϩ breast cancer patients treated with an aromatase inhibitor with or without the addition of bosutinib to determine if there is added clinical benefit. Another phase II study is exploring the use of bosutinib in pancreatic adenocarcinoma in combination with gemcitabine as adjuvant therapy in patients with resected disease. Results of these studies are not yet available (Table 5 ).
Other Inhibitors
KX2-391 (Keryx Biopharmaceuticals; Buffalo, NY) is a novel Src inhibitor that targets the peptide substrate-binding site instead of the ATP-binding site mechanism that is common to other Src inhibitors. KX2-391 has a much wider spectrum of solid tumor activity in vitro and is more potent in mouse xenografts than other multikinase Src/Abl inhibitors. A phase I study in advanced solid tumor malignancies demonstrated dose-limiting toxicities of elevated transaminases, neutropenia, and fatigue, all of which were reversible within 7 days. In that study, the MTD was found to be 40 mg twice daily. Phase I data in all solid tumors demonstrated biologic activity in pancreatic and prostate cancer patients, leading to a phase II trial in castrationresistant prostate cancer patients [89] (Table 6 ). Of note, KX2-391 also inhibits microtubule polymerization, so the mechanism of action is somewhat unclear. XL228 (Exelixis Pharmaceuticals, San Francisco, CA) is currently being studied in a phase I trial for the treatment of patients with CML or Ph ϩ ALL as well in a phase I trial for patients with all other types of unresectable, advanced solid tumor malignancies and lymphoma (Table 6 ). Other inhibitors in development, which are in preclinical stages only, include DCC-2036 (Deciphera Pharmaceuticals, Lawrence, KS), an Abl inhibitor that also inhibits two of the SFKs; ponatinib (AP24534; ARIAD Pharmaceuticals, Inc., Cambridge, MA), the phase I results of which were recently presented [90] ; and TG100435 (TargeGen, San Diego, CA), a 3-aminobenzotriazine compound (Table 6 ).
BIOMARKERS IN SRC-TARGETED THERAPIES
Biomarkers predictive of response to a targeted therapy are an attractive area of investigation because these agents have limited success in unselected populations. Although many downstream effectors of the Src pathway appear to be downregulated with treatment in cell line models, whether these reductions translate into treatment benefit is unclear. Preclinical studies on papillary and anaplastic thyroid cancer cell lines showed no correlation between p-Src levels and response to saracatinib, but high levels of p-FAK were strongly correlated with saracatinib sensitivity. These data suggest that p-FAK may be a better predictive biomarker in thyroid cancer than p-Src [91] . In the clinical arena, biomarkers established in preclinical work are currently being measured in pre-and post-treatment samples to determine whether high expression in pretreatment patients predicts response and whether that response is correlated with a corresponding decrease in biomarker levels. These results hopefully will identify subpopulations who are more likely to benefit from treatment. Most of the clinical trials incorporating a biomarker investigation are studies with dasatinib. Candidate biomarkers in these trials include STAT-3, cortactin, c-Kit, b-Raf, VEGF, CSF-1, EphA1 mRNA, EphA2, p-Src, and other phosphorylated downstream SFK effectors in various cancers. Biomarker investigations in clinical trials with dasatinib and saracatinib are summarized in Tables 2-4 . Other studies are screening for genetic markers as predictors of response. Those studies also primarily examined dasatinib. To date, clinical trials of selected patients based on such genetic biomarkers include a breast cancer trial of dasatinib in selected patients based on gene-expression profiling of three distinct biomarkers that were identified in sensitive versus resistant breast cancer biopsy specimens [92] . Similarly, a phase II study in prostate cancer patients is under way that selects patients based on genomic evaluation of androgen receptor (AR) activity, whereby patients with high AR profiles are assigned to hormonal therapy with nilutamide and those with low AR profiles are assigned to dasatinib. That trial is based on preclinical data on prostate cancer cell lines and tumor biopsy specimens suggesting that lower AR activity was correlated with sensitivity to dasatinib [93] . Additionally, preclinical data with pancreatic xenografts using a k-top scoring pairs classifier method to identify a gene pair predictive of saracatinib sensitivity led to the development of a phase II clinical trial selecting patients with this particular gene pair signature [45] . Other clinical trials are also using microarrays to identify candidate genes that might predict response.
CONCLUSION
As the oldest known proto-oncogene, Src has been extensively studied and is involved in numerous intracellular processes that are important in cancer growth, progression, motility, invasion, and metastasis. Although Src/Abl inhibitors have found their way to the clinic via Abl inhibition in CML, thus far their activity in solid tumors has been limited. Several Src inhibitors are in phase II/III clinical trials in solid tumor patients, with particular promise noted in castration-resistant prostate cancer. The future likely lies in combination strategies and biomarker-driven studies. 
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